Introduction
============

Nanotechnology has changed our daily lives in many ways, including in matters related to energy, the environment, and medicine. With respect to medicine, nanomaterials offer new tools to explore diseases using imaging and diagnostic applications,[@b1-ijn-8-2305] and more popularly, they act as vehicles for delivering drugs or therapeutic agents to achieve better and safer treatment outcomes.[@b2-ijn-8-2305]--[@b6-ijn-8-2305] In addition, nanomaterials can provide a fine structure (scaffold) for tissue regeneration, which is currently revolutionizing tissue engineering in medicine.[@b7-ijn-8-2305]

Bone diseases represent a variety of skeletal-related disorders including defects that cause major mobility hindrance and mortality to human beings. As no effective treatments are available for some of the most common skeleton disorders such as arthritis, osteoarthritis, osteosarcoma, and metastatic bone cancer, there is an urgent need to develop new drugs and drug delivery systems for safe and efficient clinical treatments. In the development of treatments for bone degenerative diseases (osteoarthritis) and bone cancers, the balance between medication side effects and treatment efficacy is always an issue. To address these issues and to increase the efficacy of treatment, a targeted delivery using nanotechnology has been widely proposed as a potential strategy.

Targeted delivery is an important goal to achieve for nanomedicine. Nanoparticles (NPs) can offer many unique features for the potential targeted delivery of treatments for bone diseases. The advantages of using NPs may include: (1) carrying the drug to its destination while keeping the drug concentrated so that once endocytosed by cells, the drug can maximize its effect; (2) protecting the drug from being dispersed or degraded by body fluids and increasing the circulation time or retention time in the body; (3) carrying more drug molecules and increasing the solubility of some hydrophobic drugs due to the large surface area of NPs; and (4) loading other targeting molecules to achieve specific delivery via surface modification of NPs.

The types of NPs used for the investigation of drug delivery for bone diseases can be classified into organic and inorganic NPs. Organic NPs typically include poly-L-lysine-and polymer-based (eg, poly\[lactic-co-glycolic acid\] PLGA) NPs,[@b5-ijn-8-2305],[@b8-ijn-8-2305],[@b9-ijn-8-2305] and inorganic NPs mainly include silica-based mesoporous NPs and layered double hydroxides (LDH).[@b10-ijn-8-2305],[@b11-ijn-8-2305] The drugs delivered for bone diseases include traditionally used drugs such as antibiotics and chemotherapeutics, and gene therapy reagents like plasmid deoxyribonucleic acid (DNA) or small interfering ribonucleic acid (siRNA). Currently, targeted delivery is mainly achieved by using special drugs called bisphosphonates (BPs), which have been used for treating bone diseases;[@b12-ijn-8-2305]--[@b16-ijn-8-2305] they are also bone affinity agents that are grafted onto NPs for the specific delivery of other drugs to bone tissues.[@b17-ijn-8-2305] Although there is no nanodelivered treatment available in clinic so far, better designed NPs with safe (low or no toxicity) and multifunctional properties will offer specificity for the treatment of bone diseases. For example, multifunctional NPs have been recently developed from the combination of organic and inorganic NPs,[@b18-ijn-8-2305]--[@b22-ijn-8-2305] which may eventually be applied to bone diseases. Some more finely-tuned nanomaterials have also been studied in bone regeneration because these nanostructured scaffolds can offer some new functions for the controlled release of growth factors or cytokines to promote and regulate the surrounding cells for new bone formation.

In this review, we summarized the most recent progress of NPs in studies of bone diseases including cancer metastasized into bone, osteoarthritis, osteosarcoma, bone infections, inflammatory diseases, and bone regeneration. We raise some issues (including safety issues) and concerns about the current methods and hope these discussions will provide future directions surrounding nanotechnology and its application for bone-related diseases and bone regeneration.

Targeted delivery for preventing and treating cancer bone metastasis
====================================================================

Tumor metastasis is a major cause of cancer-related deaths, and the bone tissue is a major site for several cancers to metastasize.[@b23-ijn-8-2305] Particularly, bone is the only site of metastasis for prostate cancer, whereas approximately 70% of metastatic breast cancers metastasize to bone.[@b23-ijn-8-2305],[@b24-ijn-8-2305] Therefore, the treatment of metastasized cancers in bone (termed "cancer bone metastasis" hereafter) is important for patients in providing prolonged survival rates; it has also recently emerged as an important bone disease to target. As described by Coleman,[@b25-ijn-8-2305] the skeleton is the most common organ to be affected by metastatic cancer, and this is the site of the disease that produces the greatest morbidity rates. This statement further emphasises the demand and importance of developing safe, effective, and targeted nonviral drug or gene carriers for the clinical success of treating bone diseases including bone metastatic cancers.

When treating cancer bone metastasis, one particular class of drug that has attracted lots of attention is BPs. BPs are well established and are commonly used for the treatment of bone diseases due to their specific affinity to bone tissues. This property makes BPs particularly useful, as it delivers NPs to bone tissue. The known functions of BPs include that they can strengthen bone, treat or prevent osteoporosis, and treat Paget's disease of bone.[@b26-ijn-8-2305]--[@b28-ijn-8-2305] However, the emerging data suggest that BPs also have antitumor properties and can be used to treat cancer bone metastases.[@b12-ijn-8-2305],[@b29-ijn-8-2305],[@b30-ijn-8-2305] BPs have undergone three generations ([Table 1](#t1-ijn-8-2305){ref-type="table"}). Early clinical data on the prevention of bone metastases by the early-generation BP, clodronate, have yielded promising results in patients with breast cancer, and trials have been undertaken to assess its efficacy.[@b31-ijn-8-2305],[@b32-ijn-8-2305] However, recent data indicate that this BP may only be effective in older women who are no longer undergoing menopause.[@b33-ijn-8-2305] Similarly, the new generation BP, zoledronic acid, has demonstrated activity in the prevention of bone metastases. In a 5-year trial, the overall survival rate of patients with multiple myeloma was greater in patients whose standard treatment regimens included zoledronic acid compared with standard treatment alone (*P* \< 0.01).[@b15-ijn-8-2305]

In other preclinical studies, it has been demonstrated that the second-generation BPs (zoledronic acid) can inhibit angiogenesis, invasion and adhesion of tumor cells, and overall tumor progression, and emerging evidence suggests that the use of these agents may block the development of bone metastases.[@b13-ijn-8-2305] In clinical studies of patients with cancer bone metastasis, serum levels of vascular endothelial grouth factor (VEGF), an vital factor for angiogenesis, were significantly reduced in patients receiving zoledronic acid, suggesting that zoledronic acid may have a property of inhibiting angiogenesis.[@b27-ijn-8-2305],[@b34-ijn-8-2305],[@b35-ijn-8-2305] Now, third-generation BPs (risedronate \[RIS\]) are available, and they are believed to be more effective and result in less toxicity. However, a recent study showed that using RIS as an additive drug of docetaxel did not have a better treatment effect on prostate cancer patients,[@b36-ijn-8-2305] suggesting that BPs alone have limited treatment effects on cancer patients in clinical settings.

NPs have been developed to deliver BPs to increase the efficacy of the drug ([Table 1](#t1-ijn-8-2305){ref-type="table"}). For example, Daubiné et al[@b9-ijn-8-2305] employed poly-l-lysine covalently grafted with beta-cyclodextrin as a polycationic vector (PLL-CD) for RIS delivery. The authors showed that the efficacy of RIS at inhibiting cancer cell invasion in vitro was strongly enhanced upon complexation, irrespective of whether PLL-CD:RIS complexes were in solution status or embedded into polyelectrolyte multilayered nanoarchitectures. It has also been demonstrated in vivo that complexes in solution status clearly prevented cancer-induced bone metastasis in animal models.[@b9-ijn-8-2305]

NPs have also been reported to deliver second-generation BPs (zoledronate \[ZOL\]) to increase their efficacy. As ZOL has a strong affinity towards bone tissue, it has been used to deliver docetaxel into bone and showed significant synergism in the treatment of bone metastasis.[@b38-ijn-8-2305] It has been demonstrated that ZOL-conjugated PLGA NPs exhibit greater cellular uptake than pegylated PLGA NPs, with changes in the cellular uptake route. In vitro studies on the breast cancer cell lines of MCF-7 and BO2, as well as ZOL-anchored PLGA-PEG NPs, have shown enhanced cell cytotoxicity, increased in-cell cycle arrest, and more apoptotic activity. In animal studies, the technetium-99 m radio-labeling ZOL-tagged NPs also exhibited a prolong blood circulation half-life, reduced liver uptake, and significantly higher retention at the bone site with enhanced tumor retention.[@b38-ijn-8-2305]

Since BPs have a special affinity to bone, they are used as targeting molecules on NPs to deliver other anticancer drugs ([Figure 1](#f1-ijn-8-2305){ref-type="fig"}). Salerno et al[@b39-ijn-8-2305] reported biodegradable, biocompatible NPs made of a conjugate between poly (D, L-lactide-co-glycolic) acid and alendronate (ALE), which are suitable for systemic administration, and for directly targeting the site of tumor-induced osteolysis. Specifically, the NPs were used to load doxorubicin (DXR) and were evaluated for their antitumor effects in primary or metastatic bone tumors in an orthotopic mouse model of breast cancer bone metastases. The results showed that in vitro, both free DXR and DXR-loaded NPs exhibited a significant dose-dependent growth inhibition of the breast cancer cells. Similarly, both DXR-loaded NPs and free DXR reduced the incidence of metastases in mice though the advantage of the NP loaded drug was not clearly demonstrated in this study.[@b39-ijn-8-2305] NP loading of the drug was not clearly demonstrated in this study.

Recently, a novel bone-seeking polymer NP was reported. In this system, an amino-BP, ALE was bound covalently to a biodegradable polymer, PLGA, containing a free-end carboxylic group. Blood compatibility and cytotoxicity of the NPs were assessed in vitro. Owing to the presence of the BP residue, PLGA-ALE NPs were adsorbed onto hydroxyapatite (HAp) to a higher extent than pure PLGA NPs. The PLGA-ALE conjugate did not induce hemolysis, alterations of the plasmatic phase of coagulation, or cytotoxic effects on endothelial cells and trabecular osteoblasts. The authors believe that this conjugate is a novel biomaterial that is able to provide NPs, which can be further loaded with drugs, such as anticancer agents, and used for osteolytic or other bone diseases.[@b17-ijn-8-2305] A similar delivery system was also reported by Pillai et al,[@b40-ijn-8-2305] in which the researchers showed that PLGA NPs can effectively deliver antibiotics (such as nafcillin) to osteoblasts and kill intracellular bacteria *S. aureus* in these cells.

Another study using a similar strategy showed that a direct conjugate PTX--PEG--ALN NP exhibited an improved pharmacokinetic profile when compared with the free drugs due to the marked increase in their half-life.[@b41-ijn-8-2305] In this NP, PTX is a potent anticancer drug that can result in severe side effects, originating from both the drug itself and its solubilizing formulation, Cremophor^®^ EL.[@b41-ijn-8-2305] ALN is an aminobisphosphonate used for the treatment of osteoporosis and bone metastases, as well as for bone targeting. This conjugate was demonstrated to have a great binding affinity to the bone mineral HAp in vitro, and an IC (50) comparable to that of the combination of free drugs in the cells of human adenocarcinoma of the prostate (PC3).[@b41-ijn-8-2305] In addition, PTX--PEG--ALN could be solubilized directly in physiological solutions without the need for Cremophor^®^ EL. The data presented here encourage further investigations on the potential of PTX--PEG--ALN as a treatment for cancer bone metastases.

All of the above data indicate that the combination of the specificity of treatment effects of bone affinity BPs with the efficiency of PLGA delivery is one of the optimal strategies for the future development of effective treatments of bone metastasis. Some positive results have also been obtained in in vitro studies, which promise further optimizations of these systems for in vivo or preclinical studies. BPs and DXR are not the only drugs used to treat bone metastasis; other chemotherapeutic drugs, such as cisplatin, can also be used. NP deliveries of these drugs have been demonstrated to increase treatment efficacy in vitro;[@b42-ijn-8-2305],[@b43-ijn-8-2305] however, in vivo model testing is still necessary to validate these delivery systems.

In addition to the above advance in targeted drug delivery, a deep understanding of the possible mechanisms of why and how cancer cells migrate specifically to bone sites would be an important direction of research for developing targeted treatment to bone metastasis. So far, the reason why cancer cells metastasize to bone sites or tissues is not very clear, although there is evidence showing that bone sialoprotein and osteopontin are important factors in the metastasis of breast cancer.[@b44-ijn-8-2305] A recent study showed that silencing these genes with specific small interfering RNA (siRNA) or antisense could inhibit metastasis of breast cancer in a nude rat model.[@b8-ijn-8-2305],[@b44-ijn-8-2305] These studies suggest that targeting bone tissue biomarkers could be another strategy to stop cancer bone metastasis. Therefore, combining delivery systems of NPs, selective drugs, and gene therapy may be a new research direction to develop more effective treatment and prevention for bone metastasis ([Figure 1](#f1-ijn-8-2305){ref-type="fig"}).

It is generally believed that the enriched nutrients and the relatively stable environment are important factors for tumor cell migration to the bone tissue and subsequent growth. However, questions remain as to what kind of cancer cells are responsible for this migration, and how the interaction between these migrating cancer cells and bone cells occur. Therefore, better understanding of cancer cells (especially cancer stem cells) and their migration properties may help us to identify potential therapeutic targets and develop targeted nanodelivery to prevent or inhibit bone metastasis.

Osteosarcoma
============

Although osteosarcoma needs more effective and safe treatments rather than the conventional therapies, such as chemotherapy, radiotherapy and surgery, the application of nanotechnology for targeted delivery in the treatment of osteo sarcoma is not prevalent. Actually, only limited numbers of studies have been carried out on this subject. A study carried by Federman et al[@b45-ijn-8-2305] reported an osteosarcoma-associated cell surface antigen, ALCAM and engineered anti-ALCAM-hybrid polymerized liposomal NP immunoconjugate, alpha-AL-HPLN. The authors used this NP to specifically deliver chemotherapy drug DXR to osteosarcoma cells and showed that an anti-ALCAM-hybrid polymerized liposomal nanoparticle (alpha-AL-HPLN) had significantly enhanced cytotoxicity over untargeted hybrid polymerized liposomal nanoparticles, and over a conventional liposomal DXR formulation.[@b45-ijn-8-2305] Besides, magnetic arsenic trioxide NPs were shown to have targeted effects on osteosarcoma cells by applying a magnetic field,[@b46-ijn-8-2305] while calcium phosphate NPs were shown to be able to deliver the anticancer drug, cisplatin, and exhibit cytotoxic effects to a murine osteosarcoma cell line (K8) in a dose-dependent manner.[@b43-ijn-8-2305]

For the general treatment of osteosarcoma, Susa et al[@b42-ijn-8-2305] reported biocompatible, lipid-modified, dextran-based polymeric NPs and showed that the NPs loaded with DXR had a curative effect on multidrug resistant osteosarcoma cells by increasing the amount of drug accumulation in the nucleus, and increased apoptosis in osteosarcoma cells as compared with DXR alone. Similarly, Sun et al[@b47-ijn-8-2305] showed a combined strategy of chemotherapy and gene therapy in a single dextran--polyethylenimine (PEI)-NP. Both DXR and PEI were grafted to a dextran chain, and plasmid DNA could also be loaded, as PEI can provide the positive charge to load the negative charged plasmid. When the NPs were loaded with DXR, they showed a higher cytotoxicity compared to free DXR in MG-63 and Saos-2 osteosarcoma cells though DEX-PEI, which maintained over 65% cell viability at a concentration of 8 mg/mL. The authors also demonstrated that the NPs can efficiently deliver plasmid pEGFP-N1 into osteosarcoma cells with low cytotoxicity. This system can be useful for delivering both chemotherapy and gene therapy for osteosarcoma.

Besides the above mentioned NPs and delivery systems, quite a few numbers of reports related to OS have focused on developing nanodelivery systems, and osteosarcoma cells were used as a testing model. For instance, various types of NPs including mesoporous silica NPs,[@b10-ijn-8-2305] gold NPs,[@b48-ijn-8-2305] PEI-coated gold NPs,[@b49-ijn-8-2305] polymeric NPs,[@b50-ijn-8-2305]--[@b52-ijn-8-2305] quantum dots,[@b53-ijn-8-2305] liposomes,[@b54-ijn-8-2305] and LDH have been tested for delivering anticancer drugs or siRNA in osteosarcoma or Ewing's sarcoma cell lines.[@b11-ijn-8-2305] Furthermore, chitosan (CS) NPs were reported to encapsulate DNA enzyme, Dz13, to effectively inhibit osteosarcoma growth.[@b55-ijn-8-2305] PLGA NPs were also employed to deliver the chemotherapy drug, cisplatin, for the treatment of osteosarcomas.[@b56-ijn-8-2305] Gelatin A and B were used to synthesize NPs, and cell uptake in osteosarcoma cells was tested in order to develop a delivery system for osteosarcomas.[@b57-ijn-8-2305] Even though they were used as a model, these NPs could be potentially used for future application in developing treatments for osteosarcomas. We believe that more targeted delivery and therapeutic approaches with NPs loaded with bone-specific affinity reagents such as BPs will be expected in the near future. There are some studies exploring NPs for the delivery of gene therapy in osteosarcoma treatment, and we will summarize them later, together with gene therapies for other bone diseases.

Osteoarthritis
==============

NPs have been explored in terms of their application to deliver drugs for osteoarthritis treatment, in the sense that NPs could be useful as a local delivery system for osteoarthritis drugs, and this could increase the drug retention time in local tissues or fluids (please see more in [Figure 2](#f2-ijn-8-2305){ref-type="fig"}). For example, cationic polymeric hydrogel was reported to increase the retention time of a model drug, dextran, after ionically cross-linked with the NP in synovial fluid without influence on the feature of the fluid.[@b58-ijn-8-2305] Self-assembling copolymer NPs were also shown to increase the retention time of IL-1 receptor antagonist (IL-1Ra), the natural protein inhibitor of IL-1, when it was covalently conjugated on the surface of the NPs and delivered locally.[@b59-ijn-8-2305] In addition, a CS vector was used to deliver gene therapy, and DNA sequences encoding *IL-1Ra* and *IL-10* were delivered and shown to be effective in inhibiting the development of osteoarthritis in a rabbit model.[@b60-ijn-8-2305] Apart from drug delivery, NPs are also studied in arthritis imaging; for example, ultrasmall superparamagnetic iron oxides were used for magnetic resonance imaging in rat arthritis model.[@b61-ijn-8-2305] In another study, gold NPs were shown to be coupled with a fiber-optic particle plasmon resonance technique to sense the IL-1-beta level in synovial fluids, which has a diagnostic value for osteoarthritis.[@b62-ijn-8-2305] Nanofiber was also used to make nanofibrous scaffolds for engineered meniscus construction to increase cell survival.[@b63-ijn-8-2305]

Infection and inflammatory bone diseases
========================================

In the past 10 years, a lot of efforts have been made to develop nanodelivery systems for treating bone-related diseases. NPs have been shown to have some advantages for delivering conventional drugs such as antibiotics and other antiinflammatory drugs. A review article from 2009 has summarized most of the advances of nanotechnology for drug delivery in bone-related diseases.[@b64-ijn-8-2305] Here, we summarized the updates from the last 2--3 years.

NPs are considered to be a prospective candidate in achieving high local bioactivity and low systemic side effects of antibiotics in the treatment of dental, periodontal, and bone infections for localized and temporally controlled delivery. Feng et al[@b65-ijn-8-2305] reported a three-dimensional (3D) porous tissue engineering scaffold, which was able to release antibiotics in a controlled fashion for long-term inhibition of bacterial growth. A highly soluble antibiotic, doxycycline (DOXY), was incorporated into PLGA nanospheres (NSs) using a water-in-oil-in-oil (w/o/o) emulsion method. The PLGA NSs were then incorporated into prefabricated nanofibrous PLGA scaffolds with a well interconnected macroporous structure. The study of release kinetics of DOXY showed that DOXY release from the NS-scaffolds occurred in a locally and temporally controlled manner. In vitro antibacterial tests of such scaffolds loaded with DOXY showed its ability to inhibit common bacterial growth (*S. aureus* and *E. coli*) for a prolonged duration. The successful incorporation of DOXY onto 3D scaffolds and its controlled release from scaffolds suggests that the usage of nanofibrous scaffolds in the delivery of large molecules (such as growth factors) to the delivery of small hydrophilic drugs allows for a broader application and a more complex tissue engineering strategy.[@b65-ijn-8-2305] Similarly, PLGA was employed to compose a poly (ethylene glycol) monomethyl ether (mPEG) and PLGA copolymer as a sol-gel drug delivery system for treating osteomyelitis.[@b66-ijn-8-2305] This delivery system was shown to have several advantages in treating osteomyelitis, including easy preparation, 100% encapsulation rate, near-linear sustained release of drugs, injectable design, and in situ gelling of the target tissue.[@b66-ijn-8-2305] In addition, it was shown in the study that similar to the undegradable teicoplanin-impregnated polymethylmethacrylate bone cements, the implantation of the mPEG-PLGA hydrogel-containing teicoplanin was effective for treating osteomyelitis in a rabbit model as evidenced by histological examination and immunoblotting analyses. These data suggest that the use of the mPEG-PLGA-based biodegradable hydrogels may hold great promise as a therapeutic strategy for other bone infections.[@b66-ijn-8-2305]

Apart from PLGA-related nanomaterials, other targeted delivery systems for bone diseases were reported. For example, Ignjatović et al[@b67-ijn-8-2305] reported a double delivery system where a new nanoparticulate system for controlled and systemic drug delivery with double effect was reported. In their design, the drug is released from the bioresorbable polymer first; then, after resorption of the polymer, nonbioresorbable calcium phosphate remains the chief part of the particle and takes the role of a filler, filling a bone defect.

Nanodelivery of gene therapies for bone diseases
================================================

As our understanding of the pathogenesis of bone diseases deepens, their molecular levels and their molecular mechanisms become clearer to us. Molecule-targeted therapy and gene therapy will become more and more popular. A few studies have reported the development of nanodelivery systems for gene therapy with plasmid DNA. For example, Lu et al[@b68-ijn-8-2305] described the use of hybrid hyaluronic acid (HA)/CS NPs as gene delivery vectors to transfer exogenous genes into primary chondrocytes for the treatment of joint diseases. In the study, HA/CS plasmid-DNA NPs were synthesized through the complex coacervation of the cationic polymers with a plasmid-expressing enhanced green fluorescent protein (*EGFP*). Transfection of primary chondrocytes was performed under different conditions to examine transfection efficiency, such as with variations in the pH of the transfection medium, different N/P ratios, different plasmid concentrations, and different molecular weights of CS. They showed that transfection efficiency was at the maximum for a medium pH of approximately 6.8, an N/P ratio of 5, plasmid concentration of 4 μg/mL, and a CS molecular weight of 50 kDa. The average viability of cells transfected with HA/CS-plasmid NPs was over 90%. These results suggest that HA/CS NPs could be an effective nonviral vector for gene delivery to chondrocytes.[@b68-ijn-8-2305] However, further testing in vivo is needed to fully assess the effectiveness of this delivery system on gene delivery.

Indeed, an early study using CS as a delivery vehicle to transfer gene expression of *IL-1Ra* showed a promising result in primary cells. The expression of *IL-1Ra* was detected in the knee joint synovial fluid of the CS-DNA- (containing IL-1Ra) injected group after direct injection into the knee joint cavities of osteoarthritis rabbits. A significant reduction was noted in the severity of histologic cartilage lesions in the group that received the CS *IL-1Ra* injection, suggesting that this may represent a promising future treatment for osteoarthritis.[@b60-ijn-8-2305] CS-DNA NPs synthesized from the complexation of the cationic polymer with a ss-gal DNA plasmid were also shown to be effective for gene therapy in human mesenchymal stem cells and human osteosarcoma cells (MG63). The researchers showed that transfection of these cells with the NPs resulted in minimal cytotoxicity through specific inhibition of OS cell growth.[@b69-ijn-8-2305] These data indicate that CS-based nanomaterials can be used as a potential gene therapy delivery vector for bone diseases. Beside CS, cationic polymers including degraded polyamidoamine dendrimer (SuperFect Transfection Reagent; Qiagen, Hilden, Germany) linear polyethylenimine (ExGen 500; Euromedex, Mundolsheim, Cedex, France), and branched PEI were also reported by Ohashi et al[@b70-ijn-8-2305] for gene delivery into chondrocytes. A plasmid that contains the *Escherichia Coli, LacZ* (pSES. beta) was loaded on to one of above three cationic polymers at different molar ratios and the resultant complex was to transfect a human chondrocyte-like cell line HCS-2/8. Gene expression of *Lac Z* was measured by an O-nitrophenyl beta-D-galactopyranoside (ONPG) assay and by staining with 0.05% 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside. The ONPG assay showed that the highest delivery rate was achieved when 2 μg of pSES.beta was combined with either 21 μg of dendrimer, 1.7 μg of linear PEI, or 2.0 μg of branched PEI. LacZ expression reached the highest level 3 days after the dendrimer-mediated transduction, and gradually declined, returning to the background level on day 14. Cytotoxicity or morphological change was not observed at the optimal dose of each polymer, suggesting these cationic polymers, particularly the degraded dendrimer and linear PEI, would be a useful and safe vector for gene delivery to chondrocytes.[@b70-ijn-8-2305]

Apart from plasmid DNA, RNA interference-based therapy is very popular at this moment for treatments for various diseases including viral infection, genetic disorders, and cancers.[@b71-ijn-8-2305]--[@b75-ijn-8-2305] However, RNA interference therapy to bone-related diseases (rather than cancer bone metastasis) seems to have just been developed. One example is a report showing the use of diamond NPs (nanodiamonds, NDs) to deliver siRNA into Ewing sarcoma cells. They demonstrated that siRNA was adsorbed onto NDs, which were coated with cationic polymer. Specific inhibition of *EWS/Fli-1* gene expression was also observed at the mRNA and protein levels in a serum-containing medium.[@b76-ijn-8-2305],[@b77-ijn-8-2305] This promising data warrant a further study about the in vivo system to test its efficiency of tumor treatment.

For Ewing's sarcoma, an early study reported using antisense oligonucleotides (AON) strategy to target the junction area of the fusion gene, *EWS-Fli-1*, with delivery systems of nanocapsules and NSs.[@b78-ijn-8-2305] These nanomaterials were used to deliver a chimeric phosphorothioate, phosphodiester AON, with five additional bases in 5′, which allow this AON to be structured with a loop. The authors showed that AON against the *EWS-Fli-1* oncogene delivered by nanocapsules or NSs inhibited, with high specificity, the growth of an *EWS-Fli-1*-dependent tumor grafted to nude mice. The antisense effect was confirmed by the specific downregulation of *EWS-Fli-1* messenger RNA (mRNA). Conclusions from this study were that both nanocapsules and NSs may be considered as promising systems for AON delivery in vivo.[@b78-ijn-8-2305] We believe this direction of research will be intensified soon, and the authors of this review have also carried out some studies using the same strategy to treat osteoarthritis (manuscript is under revision for Nature Communication) and found that the local injection of ERK siRNA delivered by a polymer-based NP can slow down the progress of osteoarthritis. As using NPs to deliver siRNAs to different cells is intensively investigated, these advances will be applied to bone diseases soon. The NPs described above are summarized in [Table 2](#t2-ijn-8-2305){ref-type="table"}.

The advantages of local delivery in bone tissue
===============================================

With the advantages of nanotechnology, it will be possible to achieve localized drug delivery and release in the treatment of bone-related disorders ([Figure 2](#f2-ijn-8-2305){ref-type="fig"}). A few major advantages of local delivery include: (1) retain and kept in local longer therefore increase the treatment time and efficiency;[@b79-ijn-8-2305] (2) to reduce the systemic side effects on other cells or organ/tissues; (3) the dose will be reduced for local application when compared to systemic delivery. The most popularly reported nanomaterial for local delivery is magnetic NPs. These kinds of NPs can be localized in certain bone sites by using a magnetic field; however, the disadvantage of these kinds of NPs is the low specificity to the target cells and the magnetic field may need to be applied for long time.

Pareta et al[@b80-ijn-8-2305] investigated the effect of magnetic NPs on osteoblasts in vitro. It was shown that gamma-Fe~2~O~3~ magnetic NPs could significantly promote osteoblast density (cell number per well) after 5 days and 8 days of culture compared to controls (no particles). The magnetic NPs were also coated with calcium phosphate to tailor them to treat different bone diseases. The coatings were conducted in the presence of either bovine serum albumin or citric acid to reduce magnetic NP agglomeration. Results with these coatings showed that magnetic NPs, specifically (gamma-Fe~2~O~3~), coated in the presence of bovine serum albumin significantly increased osteoblast density compared to controls after 1 day. This study provided evidence that calcium phosphate-coated gamma-Fe~2~O~3~ magnetic NPs increased osteoblast density when compared to no particles and, thus, should be further studied to treat numerous bone diseases.[@b80-ijn-8-2305]

For in vivo cases, a study reported that superparamagnetic iron oxide NPs (SPIONs) co-encapsulated into PLGA microparticles for the purpose of local treatment of inflammatory conditions such as arthritis. The magnetic properties conferred by the SPIONs were shown to help to maintain the microparticles in the joint with an external magnetic field.[@b81-ijn-8-2305] The results further showed that the microparticles had an excellent biocompatibility with synoviocytes, and that they were internalized through a phagocytic process, as demonstrated by fluorescence-activated cell sorting and morphological analyses of cells exposed to microparticles. Histological examination showed that the microparticles did not induce any inflammatory reactions in the joint, suggesting that this type of carrier could be used as a suitable magnetically retainable intraarticular drug delivery system for treating joint diseases such as arthritis or osteoarthritis.[@b81-ijn-8-2305]

Apart from magnetic NPs, PLA and PLGA are US Food and Drug Administration (FDA)-approved polymers that are already used for the preparation of nano- or microparticles. HA is a natural polysaccharide that is already present in the articulations known to interact with the CD44 receptors of the cells (especially chondrocytes). Another targeted local delivery system with PLA or PLGA and HA was reported by Zille et al.[@b82-ijn-8-2305] In this study, NPs of poly (D, L-lactic acid) (PLA) or PLGA covered by chemically esterified amphiphilic HA were used for intraarticular injection as a drug carrier for the treatment of arthritis and/or osteoarthritis. It was expected that the HA covering could improve the interactions between the cells and the NPs, leading to better targeting or biodistribution. The researchers investigated the cytotoxicity of the NPs. The knees of healthy male rats were injected one to two times weekly with various concentrations of NPs encapsulating dextran-FITC. However, no differences were observed between the control rats and the rats treated with NPs in term of the mRNA expression levels of some specific early cytokines (IL-1beta and tumor necrosis factor-alpha). The results prompted them to test these NPs in osteoarthritis or arthritis rat models, which has not been documented. Another strategy that has not been reported is to use scaffold nanomaterials to load the drug and locally implant the scaffold to the disease site to slowly release the drug.

Nanotechnology in bone regeneration
===================================

Bone defects and malformation, caused by trauma, infection, tumor resection, congenital deformity, as well as physical and pathological degeneration represent a major concern for orthopedic surgeons; nanotechnology plays an important role in bone regeneration. The progress made when using bioactive nanomaterials for bone tissue repair and regeneration has undergone great advances as a result of the scientific efforts aimed at improving the tissue--material response after implantation. Typically, there are two ways to apply nanotechnology to create bioactive nanostructured scaffolds to improve bone regeneration. One is to prepare NPs/polymer composite scaffolds; the other is to prepare bioactive glass scaffolds with well ordered nanosized pores.

For the preparation of NPs/polymer composite scaffolds, nanosized HAp,[@b83-ijn-8-2305],[@b84-ijn-8-2305] beta-tricalcium phosphate,[@b85-ijn-8-2305],[@b86-ijn-8-2305] bioactive glasses,[@b87-ijn-8-2305],[@b88-ijn-8-2305] and CaSiO~3~ particles were mostly incorporated into the polymer matrix.[@b89-ijn-8-2305],[@b90-ijn-8-2305] It was found that these bioactive NPs significantly improve the mechanical strength, mineralization ability, degradation, and cytocompatibility of polymer scaffolds. The functionality of nanocomposites is more distinct than that of microsized composites. Therefore, the incorporation of bioactive NPs into biopolymers is a viable way to improve their physiochemical and biological properties for bone regeneration application.

Besides the nanocomposite, the inherent nanostructure is of great importance in improving the bioactivity of bioactive materials. To improve the bioactivity of conventional bioactive glass for bone regeneration, Yan et al,[@b91-ijn-8-2305],[@b92-ijn-8-2305] for the first time, prepared a new class of mesoporous bioactive glasses (MBG) in 2004 by the combination of the sol-gel method and supramolecular chemistry of surfactants. Their study has opened a new direction for applying nanotechniques to regenerative medicine by coupling drug delivery with bioactive materials. These materials are based on a CaO--SiO~2~--P~2~O~5~ composition and have a highly ordered mesopore channel structure with a pore size ranging from 5--20 nm. Compared to conventional nonmesoporous bioactive glasses, the MBG possesses a more optimal surface area, pore volume, ability to induce in vitro apatite mineralization in simulated body fluids, and excellent cytocompatibility.[@b92-ijn-8-2305]--[@b95-ijn-8-2305] For better bone regeneration application, MBG can also be prepared as 3D porous scaffolds for bone tissue engineering and drug delivery applications.[@b96-ijn-8-2305] Currently, there are three methods to prepare MBG scaffolds. The first MBG scaffold was prepared by the porogen method. Yun et al[@b97-ijn-8-2305] applied methyl cellulose as the porogen to prepare porous MBG scaffolds with a large-pore size of 100 μm. The second scaffold was prepared by the polymer template method, which is widely used. We have developed a series of MBG scaffolds with varying compositions for drug delivery and bone tissue engineering application.[@b98-ijn-8-2305]--[@b101-ijn-8-2305] The prepared scaffolds possess large pores with the size of 300--500 μm, and well-ordered mesopores with the pore size of 5 nm ([Figure 3](#f3-ijn-8-2305){ref-type="fig"}). The advantages of the MBG scaffolds prepared by polyurethane sponge template method include their highly interconnective pore structures and controllable pore size (porosity), while the disadvantage is the low mechanical strength of the material.[@b102-ijn-8-2305]

To better control the pore morphology, pore size, and porosity, a 3D plotting technique (also called direct writing or printing) has been developed to prepare porous MBG scaffolds. The significant advantage of this technique is that the architectures of the scaffolds can be concisely controlled by layer-by-layer plotting under mild conditions.[@b103-ijn-8-2305]--[@b105-ijn-8-2305] Recently, a new facile method was used to prepare hierarchical and multifunctional MBG scaffolds with controllable pore architecture, excellent mechanical strength, and mineralization ability for bone regeneration application by a modified 3D-printing technique using polyvinylalcohol as a binder. The obtained 3D-printing MBG scaffolds possess a high mechanical strength, which is about 200 times that of the MBG scaffolds prepared using traditional polyurethane foam as templates. They have highly controllable pore architecture and excellent apatite-mineralization ability, as well as a sustained drug-delivery property.[@b96-ijn-8-2305],[@b106-ijn-8-2305]

MBG scaffolds could efficiently deliver drug and growth factors. Dexamethasone (DEX) was loaded into MBG scaffolds, and it was found that the sustained release of DEX from MBG scaffolds significantly enhanced alkaline phosphatase (ALP) activity and gene expressions (ALP, bone sialoprotein and Col I) of osteoblasts.[@b96-ijn-8-2305] These results suggest that DEX-loaded MBG scaffolds show great potential as a release system to enhance osteogenesis, and may be used for bone tissue engineering application.[@b96-ijn-8-2305],[@b100-ijn-8-2305] The effect of VEGF delivery from MBG scaffolds on the viability of endothelial cells was further investigated and it was found that the mesopore structures in MBG scaffolds play an important role in maintaining the bioactivity of VEGF, further improving the viability of endothelial cells, indicating that MBG scaffolds are an excellent carrier of VEGF for stimulating angiogenesis.[@b107-ijn-8-2305] Therefore, MBG scaffolds, as a typical nanobiomaterial, combine the drug delivery and bioactivity for better bone regeneration application by harnessing their unique nanopore structure. The combination of drug delivery and bioactivity may be a new concept for tissue regeneration by the functional effect of nanomaterials.

Conclusion and future perspective
=================================

Nanotechnology has shown a bright future in treating bone diseases, as evidenced by some promising results in in vitro or in vivo studies. However, in vivo validation of these reported nanomaterials, and particularly subsequent toxicity testing and bone tissue targeted delivery for either cancer bone metastasis or other bone diseases, still need further and deep studies to facilitate their future clinical application. Some nanomaterials such as LDH, which has the same composition as FDA-approved alum adjuvant will be ready to use in humans. Some other polymer-based NPs like CS and PLGA do not have much cytotoxicity, and may also be expected to be applied to humans in the near future. Calcium phosphate-based NPs have also been used in drug delivery for bone diseases and are not supposed to be toxic to bone tissues. Thus, these nanomaterials will certainly be the focus of future research and clinical applications. It is expected that nanotechnology will play more important roles in the future treatments of bone diseases and bone regeneration. Local delivery systems and multifunctional NPs with targeted delivery specific to bone tissues or cells will soon be seen, with better controlled release and escape from endosomes, if drug delivery needs to occur in the cytoplasm (such as siRNA). More effective treatments including the big improvement of current therapies for bone diseases will be seen with the advancement of the technology in the near future.
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![Multifunctional NPs for targeted delivery to bone metastasized cancer cells.\
**Notes:** A schematic figure shows the use of a multifunctional NP to deliver anticancer reagents and gene therapy (eg, siRNA). In this scheme, the NP of a mesoporous silica NP is loaded with anticancer drugs in the pore, and the NP surface is grafted with BPs or other bone-specific markers to target bone cells or tissues. Because of the positive charge of the NP surface, it can also carry negatively charged siRNA for gene therapy. When the NP is administered, it will specifically remain at the sites of bone cells where/with which the metastasized cancer cells are closely associated. The cancer cells will be killed by the released drugs or siRNAs.\
**Abbreviations:** NP, nanoparticle; BP, bisphosphonate; siRNA, small interfering ribonucleic acid.](ijn-8-2305Fig1){#f1-ijn-8-2305}

![Biodegradable (polymer-based) NP-targeted local delivery in bone.\
**Notes:** A schematic diagram shows an ideal NP that can load multiple cargos, including targeting molecules that have an affinity to bone tissue or cells such as BPs, siRNA for gene therapy, and drugs for bone diseases. These kinds of NPs are better and readily biodegradable, such as polymer-based NPs or some kinds of inorganic NPs like layered double hydroxides. They can be further modified to be multifunctional NP carriers, but will not be silica based particles to increase the roughness of the interaction surface of joints for local delivery.\
**Abbreviations:** NP, nanoparticle; siRNA, small interfering ribonucleic acid; BP, bisphosphonate.](ijn-8-2305Fig2){#f2-ijn-8-2305}

![Porous mesoporous bioactive glass scaffolds with large pores (several hundred micrometers, left) and well-ordered mesoporous channel structures (5 nm, right).](ijn-8-2305Fig3){#f3-ijn-8-2305}

###### 

Anticancer effect of BPs/nanoparticles/anticancer agent complex

  Generation   Drug              Nanoparticles bound   Anticancer agents   Effects                                          References
  ------------ ----------------- --------------------- ------------------- ------------------------------------------------ ------------
  1            Bp clodronate     Liposomes             Clodronate          Inhibition of cell growth Decreased metastasis   37
  2            Zoledronic acid   PLGA                  Docetaxel           Increased cellular uptake Prolonged half-life    38
  3            Risedronate       PLL-CD                Cyclodextrin        Prevention of bone metastasis                    9

**Abbreviations:** BP, bisphosphonate; PLGA, poly lactic-co-glycolic acid; PLL-CD, poly-L-lysine covalented beta-cyclodextrin.

###### 

Summary of NPs used in bone diseases for drug and gene delivery

  Bone diseases                             NPs used                   Drugs delivered   Drug efficiency   References
  ----------------------------------------- -------------------------- ----------------- ----------------- ------------
  Cancer bone metastasis                    PLL-CD                     BPs (RIS)         Increased         9
  PLGA                                      BPs (ZOL)                  Increased         38                
  PLGA                                      Doxorubicin                Increased         39                
  PLGA                                      Alendronate                Not detected      17                
  PTX--PEG--ALN                             Aminobisphosphonate        Increased         41                
  Osteosarcoma and Ewing's sarcoma          MSN                        siRNA             Cell model only   10
  Polymer                                   Camptothecin               Increased         50                
  LDH                                       Methotrexate               Cell model only   11                
  Chitosan NP                               DNA enzyme                 Increased         55                
  Chitosan NP                               DNA plasmid                Increased         69                
  Polymerized liposomal NP                  Doxorubicin                Increased         45                
  Magnetic arsenic trioxide NP              Arsenic trioxide           Increased         46                
  Calcium phosphate NP                      Cisplatin                  Increased         43                
  Lipid-modified dextran-based polymer NP   Doxorubicin                Increased         42                
  Dextran-PEI NP                            Doxorubicin                Increased         47                
  OA                                        Polymeric hydrogel         Dextran           Increased         58
  Chitosan NP                               Plasmid DNA                Increased         60                
  Infectious and inflammatory               Porous PLGA scaffold       Doxycycline       Increased         65
  mPEG-PLGA hydrogel                        Teicoplanin                Increased         66                
  PLGA-calcium phosphate                    Tigecycline                Increased         67                
  Gene therapy                              HA-chitosan                Plasmid DNA       Model only        68
  Chitosan                                  IL-1Ra DNA                 Increased         60                
  PAMAM dendrimers                          LacZ gene                  Model study       70                
  Diamond NPs                               siRNA to Ewing's sarcoma   Increased         77                

**Abbreviations:** NP, nanoparticle; PLL-CD, poly-L-lysine covalented beta-cyclodextrin; RIS, risedronate; PLGA, poly lactic-co-glycolic acid; ZOL, zoledronic acid; PTX--PEG--ALN, poly (ethylene glycol) bearing paclitaxel and alendronate; MSN, mesoporous silica nanoparticle; siRNA, small interfering ribonucleic acid; LDH, layered double hydroxides; DNA, deoxyribonucleic acid; OA, osteoarthritis; mPEG, poly (ethylene glycol) monomethyl ether; HA, hyaluronic acid; PAMAM, polyamidoamine; PEI, polyethylenimine.
